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Abstract
In this paper a turning process is presented which is enhanced by a third tool movement axis. Besides the two already existing translational 
X- and Z-axes an additional rotational axis is added to the process. This is realized by integrating the already existing but yet unused B-axis of 
5-axis turn-/mill-centers into the turning process. By moving the B-axis simultaneously during turning operations it is possible to adapt the tool/ 
workpiece engagement arbitrary to the individual machining case. Thus, the flexibility and the efficiency of turning can be increased 
significantly. This gives major benefits regarding tool consumption and machining time when turning geometrical complex parts made of hard 
to machine materials such as turbomachinery components. 
To gain a basic understanding of simultaneous three axis turning it is investigated which effect the additional tool movement has on the turning 
process regarding uncut chip parameters, process forces and tool wear development. Process parameters of the B-axis like rotational speed, 
rotational range and direction of rotation are varied. It is shown that the uncut chip geometry in three axis turning differs from the geometry in
conventional turning. Especially the rotational speed and the direction of rotation have a major effect on the shape and size of the uncut chip. 
Besides this, the process forces are also affected by the B-axis movement. While the process forces are constant in conventional turning, these 
alter over time in three axis turning. It can be observed that the process forces are significantly shifted towards higher and lower levels in 
dependence of the rotational speed and direction. This effect increases with decreasing tool cutting edge angles. However, the influence of the 
B-axis movement on the tool wear is also investigated. It is shown that the tool wear can be distributed arbitrarily over the tool edge by 
changing the position of the B-axis. Thus, the tool life can be more than doubled.
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1. Introduction
Turning of turbomachinery components like e.g. turbine 
discs, compressor discs, fan discs, spools, shafts etc. is 
challenging. Reasons for this are on the one hand the used 
materials which are difficult to machine and cause high tool 
wear. On the other hand turbomachinery components are 
usually geometrically complex and require many different tool 
holders due to the limited accessibility in turning. The high 
tool consumption and the high amount of required tool holder 
changes make turning of turbomachinery components 
therefore time and cost intensive.
Turning by its history is a two axial manufacturing process. 
In turning, the tool is moved in two translational axes (X, Z)
along a spinning workpiece (C-axis). Nowadays many turning 
machines are replaced by turn-/mill centers because of 
flexibility reasons. These machines own 5 movement axes for 
5-axis milling operations, but use only two axes for turning 
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operations. The idea, which is the basis of this paper, is to 
integrate one of these inactive axes (B-axis) in the turning 
process. By moving the B-axis simultaneously during turning 
it is possible to adapt the tool inclination arbitrary to the 
individual machining case. Due to this increase in flexibility a 
reduction of required tool holders is possible on one hand. On 
the other hand it is possible to distribute the tool wear freely 
over the cutting edge and use it more efficiently by this (see 
figure 1). Both brings major benefits in terms of tool 
employment and machining time, especially when machining 
complex parts made of difficult to machine materials, such as
turbomachinery components.
However, as simultaneous three axis turning is a new kind 
of turning process, empirical knowledge or scientific 
investigations are not available yet. It is unknown which effect 
the additional tool movement has on the process results. 
Therefore, it is investigated in this paper how the rotational 
movement of the B-axis affects the uncut chip geometry, the 
occurring process forces and the tool wear development. This 
should help to give a first understanding of simultaneous three 
axis turning.
Fig. 1. By variation of the B-axis the tool can be adapted freely to the 
workpiece geometry and the tool wear can be distributed over the edge.
2. Basic definitions
Nomenclature
A cross section of uncut chip
ap depth of cut
B, C rotational machine tool axes
b uncut chip width (according to ISO)
b* uncut chip width (equal to contact length)
f feed
fȜU rotational feed
h* average uncut chip thickness
lc length of cut
rİ tool corner radius
TCP tool center point
t time
VB width of flank wear land
X, Y, Z translational machine tool axes
İr tool included angle
țr tool cutting edge angle
Ȝr tool inclination angle
Ȝr_start tool inclination angle at rotation start
Ȝr_end tool inclination angle at rotation end
For turning all relevant process parameters are defined in 
ISO 3002-1 [1]. For simultaneous three axis turning these 
parameters need to be extended due to the additional third
axis. This encompasses the definition of a rotation axis, a 
rotation speed, a rotation direction and of a tool inclination 
angle, see figure 2.
Fig. 2. Designations of parameters in simultaneous three axis turning.
Analogous to 5-axis milling, in simultaneous three axis
turning the tool rotates around the center point of the tool 
(TCP). Hereby the angular position of the tool is defined by 
WKH WRRO LQFOLQDWLRQ DQJOH Ȝr which is the angle between the 
center line of the tool and the perpendicular of the workpiece 
surface. ,Q FRQWUDVW WR WKH WRRO FXWWLQJ HGJH DQJOHțr the tool 
included angle İr has no effect due to this definition. Besides 
this, the tool inclination angle is equal to the position of the 
B-axis RI WKHPDFKLQH WRROZKHQ WXUQLQJF\OLQGULFDOSDUWVȜr
can be positive or negative. The tool rotates simultaneously 
EHWZHHQDVWDUWLQFOLQDWLRQDQJOHȜr_start and an end inclination 
DQJOHȜr_end with a feed fȜU. Analogous to the translational feed 
f in turning the rotational feed fȜU is defined as inclination 
angle alternation per workpiece revolution:
ririrrf OOOO  ' 1                             (1)
By this definition the temporal dimension of the B-axis
movement is neglected. Besides this, the direction of the 
rotation is indicated by the algebraic sign: for positive 
rotational feeds the rotational direction is (mathematically) 
positive, for negative rotational feeds the rotational direction 
is (mathematically) negative.
Focusing on the uncut chip geometry, in conventional 
turning the tool corner rounding is often neglected when 
calculating the uncut chip parameters such as the uncut chip 
width b, the uncut chip thickness h or the cross section of the 
uncut chip A. But as shown in figure 2 the tool corner radius 
affects the geometry of the uncut chip significantly and cannot 
be neglected therefore. Thus, instead of the conventional 
uncut chip width b and thickness h an effective uncut chip 
width b* and an average uncut chip thickness h* are defined 
according to Köhler [2]. Köhler proposed this definition to be 
able to designate a various range of uncut chip geometries [2]. 
The effective uncut chip width b* is the contact length 
between the tool and the workpiece. The average uncut chip 
thickness h* is the quotient from the cross-section A and the 
effective uncut chip width b*.
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3. Experimental setup
For experiments a Monforts Unicen1000 turn-/ mill center 
was used. The cut material was ASTM A182-F6NM 
(X3CrNiMo13-4, 1.4313) with grade QT900 which is often 
used for stationary turbomachines. Cutting inserts were 
DCMW11T304 and RCMT0803 manufactured by Sandvik 
Coromant (grade H13A, uncoated, without chip breakers). For 
force measurements a Kistler 3-component tool holder 
dynamometer type 9121 was applied. Tool wear was 
measured by a Keyence digital microscope type VHX-500F. 
The uncut chip geometry was modeled and measured by 
Siemens NX7 CAD software. 
4. Results and Discussion
4.1. Regarding uncut chip geometry
In cutting the resulting process forces, the generated 
surface roughness, the chip formation, the tool wear and 
various further process results depend directly on the 
geometrically engagement between tool and workpiece [3, 4, 
5, 6, 7]. Therefore, standardized geometry parameters like the 
uncut chip width b, the uncut chip thickness h or the uncut 
cross section surface A are used in many process models to 
predict above mentioned results [7]. In turning the uncut chip 
parameters depend on the shape of the tool, the feed, the depth 
of cut and on the inclination angle of the tool [1]. In 
simultaneous three axis turning last named is varied 
constantly over the time. This affects the shape of the uncut 
chip, see figure 3.
Fig. 3. Qualitative alternation of the uncut chip shape with: (a) neglected tool 
corner radius and no B-axis rotation; (b) with tool corner radius and no B-axis
rotation; (c) with tool corner radius and positive B-axis rotation; (d) with tool 
corner radius and negative B-axis rotation.
According to ISO 3002 in most cases the uncut chip is 
simplified by neglecting the tool corner radius [1]. In this case 
the uncut chip is parallelogram shaped (a). When taking the 
tool corner radius into account the uncut chip geometry is 
comma shaped (b). Hereby only the linear parts of the cutting 
edges are parallel. In simultaneous three axis turning the 
inclination of the tool is varied over the time. Thus, the linear 
parts of the cutting edges are non-parallel (c, d). The uncut 
chip is widen (c) or closed (d) in dependence on the direction 
of the B-axis rotation. By this, the uncut chip parameters are 
affected by the tool rotation as well. Figure 4 shows the 
quantitative effect of the tool rotation on the uncut chip 
parameters (A, b*, h*) for various rotational feeds 
(fȜU.= -4°, -2°, 0°, 5°, 10°) and directions of rotation (fȜU > 0, 
fȜU < 0). The values are gained by modelling and measuring 
the uncut chip geometries in a CAD program. Figure 5 shows 
the corresponding uncut chip geometries.
Fig. 4. Alternation of the uncut chip parameters in dependence on the 
temporal rotation of the B-axis.
Fig. 5. Alternation of the uncut chip geometry in dependence on the tool 
LQFOLQDWLRQDQJOHȜr2 and on the rotational feed fȜU.
For conventional turning (no B-axis movement; fȜU = 0°) it 
is shown that the variation of the inclination angle does not 
affect the uncut chip cross section surface A, but the uncut 
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chip width b* and the average uncut chip thickness h*. Same
is illustrated in figure 5. However, when rotating the tool 
during the turning process (fȜU  0°) a variation of the uncut 
chip parameters can be observed, especially in the area of 
large positive tool inclination angles. When rotating the tool 
in a positive direction (fȜU > 0°) the uncut chip cross section 
surface A and the uncut chip thickness h* increase; the uncut 
chip width b* is not affected. When rotating the tool in a 
negative direction (fȜU < 0°) all three uncut chip parameters 
decrease. Reason for this is, that material was cut already in 
previous cuts and the tool is therefore partly not in contact 
with the workpiece. However, notable is that all measured 
effects are amplified when increasing the rotational feeds for 
positive and negative rotational directions. 
The reasons for the observed phenomena are illustrated in 
figure  )RFXVLQJ RQ QHJDWLYH LQFOLQDWLRQ DQJOHV Ȝr2 = -40°) 
first, it is shown that here machining takes place mainly in the 
area of the tool corner radius. A rotation of the tool does not 
affect the uncut chip geometry. Therefore, the uncut chip 
parameters are not affected either. Opposites can be observed 
IRU SRVLWLYH LQFOLQDWLRQ DQJOHV Ȝr2 = 40°). Here machining 
takes place mainly in the area of the linear part of the major 
cutting edge. The tool corner radius is only slightly engaged. 
Therefore, the rotation of the tool has a much bigger effect on 
the uncut chip geometry. For positive rotational feeds the 
uncut chip geometry is enlarged significantly while for 
negative rotational feeds opposites can be observed. Here the 
major cutting edge is partly disengaged with the workpiece 
due to the rotational movement. Only a small part of the tool 
cuts the material. Decreased uncut chip parameters are the 
result.
4.2. Regarding process forces
Process forces depend directly on the uncut chip geometry. 
As shown the uncut chip alternates in dependence on the B-
axis movement. Thus, it is reasonable that the occurring 
process forces in simultaneous three axis turning alternate as 
well due to the additional tool rotation. Figure 6 shows the 
effect of the tool rotation on the cutting force Fc, the feed 
force Ff and the passive force Fp for various rotational feeds. 
The process parameters and the geometrical engagements are 
the same like in figure 4 and figure 5.
Analogous to the uncut chip parameters also the process 
forces are dependent on the rotational movement of the tool. 
While in areas of large tool cutting edge angles/ small tool 
inclination angles the rotational feed has only a slight effect 
on the process forces, in areas of large tool inclination angles 
a significant change of forces can be observed. Positive 
rotational directions (fȜU > 0°) cause a rise of the process 
forces, while negative rotational directions (fȜU < 0°) cause a 
reduction of these. Analogous to the development of the uncut 
chip parameters the observed phenomena increase with rising 
rotational feeds. It has to be noted that the development of the 
cutting forces Fc is almost equal to the development of the 
passive forces Fp, while the feed forces Ff show a completely 
different development over changing tool inclination angles. 
Remarkable is also that the development of the cutting forces 
and passive forces is similar to the development of the uncut 
chip cross section A, shown in figure 4. This supports the 
thesis that the process forces are directly dependent on the 
uncut chip geometry. However, to exclude that other effects 
cause an alternation of the process forces (like e.g. micro 
friction due to the tool rotation), force measurements with 
moving B-axis and round cutting inserts were performed 
(positive and negative rotation directions). By this the uncut 
chip geometry is kept constant despite the movement of the 
B-axis. Figure 7 shows the results.
Fig. 6. Alternation of the cutting force, the feed force and the passive force in 
dependence on the temporal movement of the B-axis.
Fig. 7. Effect of the B-axis movement on process forces when the uncut chip 
geometry is kept constant.
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0.5 mm
vc = 200 m/min; f = 0.1 mm; ap = 0.5 mm; rİ = 5 mm; lc = 1500 m
As shown in figure 7 all process forces are constant over 
the inclination angle for changing rotational directions when 
the uncut chip geometry is kept constant. Thus, the force 
alternation is indeed a result of the changing uncut chip 
geometry. Therefore, it can be summarized that simultaneous 
three axis turning is not just the sum of conventional turning 
with incremental changing tool cutting edge angles, but has its 
own unique way of material removal. 
4.3. Regarding tool wear
Due to the additional tool rotation axis, the contact point 
between tool and workpiece can be set arbitrary. Thus, it is 
reasonable that the tool wear can be distributed freely over the 
tool edge and tool life can be increased by this. Similar could 
be shown in turning with rotating tools (self-propelled rotary 
tools SPRT, actively driven rotary tools ADRT) [8, 9]. By 
turning the tool during cutting the wear can be distributed 
over the edge [9, 10] and also lowered due to decreased 
cutting temperatures [11]. Hereby disadvantages are the low 
stiffness (SPRT) and the low accessibility (ADRT) of such 
tools [12]. In simultaneous three axis turning the tool is 
rotated by one of the machine tool axis. Thus, a lack of 
stiffness is accessibility is no problem. However, to
investigate the effect of the tool rotation on the tool life, 
experiments were performed where a round cutting insert cut 
material over a length of lc = 1500 m with changing start 
LQFOLQDWLRQ DQJOHV Ȝr_start DQG DQ HQG LQFOLQDWLRQ DQJOHV Ȝr_end.
Figure 8 shows the results.
Fig. 8. Effect of the B-axis movement range on tool wear distribution. 
It is shown that the tool wear is distributed over the tool 
edge in dependence on the tool rotation. When no tool
rotation takes place the tool wear is focused on one spot. By 
conducting a tool rotation the tool wear is distributed over a 
wide range of the edge. By this the width of flank wear can be 
decreased from VBmax = 338 μm to VBmax = 173 μm. To 
investigate if the decrease of the width of flank wear 
correlates with the increase of the used tool edge length in a 
linear way, following experiment was performed: A round 
FXWWLQJLQVHUWZLWKDQLQFOLQDWLRQDQJOHRIȜr = 0° was used to 
cut material over a length of lc1 = 1500 m (see figure 9, zone a 
shows the resulting width of flank wear VB). Afterwards 
same experiment was performed with the same insert with an 
LQFOLQDWLRQDQJOHRIȜr = 13° to overlaps the tool cutting zones/ 
the tool wear (b = VB in new contact zone, c = VB in 
overlapped contact zone). Figure 10 shows the corresponding 
tool wear curves over the cutting length.
Fig. 9. Effect of overlapping cutting zones on tool wear distribution  
Fig. 10. Effect of overlapping cutting zones on the tool wear development 
over the cutting length
It is shown that the tool wear development in zone (a) is 
almost equal to the tool wear development in zone (b). The 
tool wear in zone (c), where the tool wears from zone (a) and 
(b) are overlapped, the wear continuous the trend of zone (a) 
and (b). No deviation in the tool wear development of the 
overlap zone (c) can be observed. Thus, it can be stated that 
the used tool edge length correlates linear with the tool life. 
The resulting tool wear is therefore the sum of all overlapped 
tool wears. Assuming that round cutting inserts are not used 
over the complete cutting edge length but only over a certain 
limited area, the tool life can be increased by multiple times 
by using a third rotational B-axis.
5. Summary and Conclusion
The observed effects can be summarized as followed:
- The additional rotation of the tool has a significant 
effect on the uncut chip geometry/ parameters. These 
are different than in conventional turning with two 
translational axes. 
- The additional rotation of the tool has the most 
significant effect on the uncut chip geometry in the 
area of positive inclination angles. Important 
parameters are the direction of the tool rotation and 
the speed of the tool rotation.
- Due to the changing uncut chip geometries the 
process forces are affected. These depend directly on 
the variation of the uncut chip geometry. 
- By varying the contact zone between tool and 
workpiece the tool wear can be distributed. Hereby 
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the length of additional used tool edge length is 
proportional to the increase of tool life.
Concluding the above mentioned effects, especially 
regarding the tool wear, simultaneous three axis turning has 
high potential in the application of turbomachinery 
component manufacturing. By varying the tool inclination 
angle the tool life can be increased by multiple times. Besides 
this the accessibility of turning can be increased due to the 
addition axis. This gives major benefits when machining 
geometrically complex parts which are common in 
turbomachinery industry (e.g. turbine discs, compressor discs, 
fan discs, spools, shafts etc.). Simultaneous three axis turning 
gives therefore benefits in flexibility, tool consumption, 
machining time and cost. 
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